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Summary 
Actin assembly is important for cell motility, but the 
mechanism of assembly and how it relates to motility 
in vivo is largely unknown. In vitro, actin assembly can 
be controlled by proteins, such as capping protein, 
that bind filament ends. To investigate the function of 
actin assembly in vivo, we altered the levels of capping 
protein in Dictyostelium cells and found changes in 
resting and chemoattractant-induced actin assembly 
that were consistent with the in vitro properties of cap- 
ping protein in capping but not nucleation. Signifi- 
cantly, overexpressers moved faster and underex- 
pressers moved slower than control cells. Mutants 
also exhibited changes in cytoskeleton architecture. 
These results provide insights into in vivo actin assem- 
bly and the role of the actin cytoskeleton in motility. 
Introduction 
The assembly of actin filaments is an essential part of how 
cells determine their shape and produce movement, but 
the molecular mechanisms involved are largely unknown. 
Cells maintain a large pool of monomer as a buffer for 
polymerization, using proteins that only bind actin mono- 
mers (Sun et al., 1995) and other proteins that bind to 
filament ends and prevent monomer addition. Both ends 
of an actin filament, barbed and pointed, can add and lose 
actin monomers. Proteins that bind to and functionally cap 
filament ends in vitro, such as capping protein for the 
barbed end, are ubiquitous (Cooper et al., 1993). It is largely 
unknown whether and how barbed ends are capped in vivo 
and whether changing the number of free ends influences 
assembly, although the appearance of free barbed ends 
correlates with actin assembly in some cell systems (Cano 
et al., 1991; Hall et al., 1988; Hartwig, 1992). In addition, 
cells restrict the length of actin filaments in vivo (Podolski 
and Steck, 1990). Hypotheses to account for this differ- 
ence, based on in vitro activities of actin-binding proteins, 
include limiting the growth of filaments by capping ends, 
preventing annealing of filaments by capping ends, sev- 
ering filaments, and nucleating filaments from monomers. 
Our experiments tested molecular hypotheses for these 
phenomena. 
Another goal of these experiments was to test how 
changes in actin assembly influence cell properties and 
functions hypothesized to involve actin. Cytochalasin 
treatment indicates that actin is necessary for many as- 
pects of cell function. Other approaches to study actin 
assembly in vivo have included alteration of the in vivo 
activity of proteins that regulate actin in vitro and studies 
of actin assembly dynamics during motility-related phe- 
nomena (Condeelis, 1993). In addition, genetic analyses 
of mutations causing defects in cell functions have uncov- 
ered a&in-binding proteins and generated hypotheses 
about essential roles for actin assembly. Despite these 
advances, the molecular mechanisms of how actin assem- 
bly contributes to motility processes are obscure. 
To address these questions, we have investigated 
whether and how capping protein regulates actin assembly 
in vivo by preparing cell lines with altered levels of capping 
protein, a likely candidate to control actin assembly in vivo. 
Capping protein is a ubiquitous heterodimeric actin-binding 
protein (reviewed by Cooper et al., 1993). In vitro, capping 
protein nucleates actin polymerization and caps the 
barbed end of filaments, preventing addition and loss of 
monomers. These activities make filaments short and in- 
crease the concentration of monomers. Dictyostelium was 
chosen as the system for these studies because a variety 
of molecular and cellular phenotypes relating to cell motil- 
ity are readily examined, certain molecular genetics tech- 
niques are available, and capping protein is encoded by 
single genes (one for each of the two subunits, a and p, 
of the heterodimer) (Hartmann et al., 1989). 
We observed changes in actin assembly in capping pro- 
tein mutant cell lines, which indicate that capping protein 
in vivo limits actin polymerization by capping barbed ends. 
The results do not support a role for capping protein in 
nucleation of actin filaments. Next, we investigated how 
these changes in actin assembly affect cellular functions 
hypothesized to depend on actin. Most notably, cell move- 
ment is increased in cells with increased capping protein 
and decreased in cells with decreased capping protein. 
Results 
Cell Lines 
Cell lines with increased levels of capping protein were 
prepared by simultaneous expression of a and p subunits. 
All of several overexpressing lines had similar levels of 
capping protein, which was determined to be 1.8-fold the 
control level in two lines chosen for further study (Fig- 
ure 1A). 
Antisense expression produced lines with decreased 
capping protein. For each subunit, a and 0, two constructs 
were made with a constitutive promoter. One used the 
coding sequence, and the other used the coding sequence 
plus 5’ untranslated sequence. Numbers of primary trans- 
formants were similar for all constructs and a control. Via- 
bility of transformants on subcloning was high (850/o- 
100%) for vector, the a constructs, and the p construct 
with only the coding sequence. However, viability was low 
(15%) for the longer 0 construct. Viable lines with either 
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Figure 1. Biochemical Analysis of Cell Lines 
The concentration of capping protein (A), free barbed ends of actin 
filaments (B), free pointed ends of actin filaments (C), and actin (D) 
are shown. Values are the mean f SD of at least two determinations 
of two independent strains (A, B, and D) or one strain (C) each for 
underexpressing and overexpressing cells. 
of the two f? antisense constructs had decreased levels 
of both subunits of capping protein, 25% of normal (Figure 
1A). Most cells transformed with the long 6 antisense con- 
struct died; perhaps the survivors had less effective anti- 
sense inhibition. If so, the value of 25% may represent 
the minimal level of capping protein necessaryforviability. 
The a antisense constructs did not lower capping protein 
levels. 
Two methods to prepare cell lines with lower levels of 
capping protein were unsuccessful. The long antisense 6 
construct under control of an inducible promoter (Liu et 
al., 1992) did not alter the level of capping protein or rate 
of growth, consistent with poor expression or prompt sup- 
pression. Also, attempted disruption of the 6 gene yielded 
all of >lOO transformants with normal levels of protein, 
suggesting that viable transformants had undergone inte- 
gration without disruption and perhaps that disruption was 
lethal. 
Basic properties of the cell lines were examined before 
experiments to test hypotheses about actin assembly and 
cell motility. Cell populations were determined to be homo- 
geneous, with similar levels of capping protein in individual 
cells of a given cell line by immunofluorescence (data not 
shown). Cell lines were determined to be unstable in that 
the levels of capping protein in the different strains gradu- 
ally reverted toward control levels with time in culture. By 7 
weeks in culture following subcloning, the level of capping 
protein in underexpressers was about half that of control 
cells, and the level of capping protein in the overexpres- 
sers was similar to that of control cells. Therefore, in the 
experiments below, we used fresh aliquots of cells that 
had been in culture for i-3 weeks. The levels of capping 
protein in cells used for experiments was often docu- 
mented at the end of an experiment to be certain that 
Figure 2. Subcellular Fractionation of Cell Lines 
The concentration of capping protein (A) and actin (B) in different 
intracellular pools. 
they were 25% of control for underexpressers and 1 .&fold 
greater than control for overexpressers. 
The doubling time for controls was 12 hr in liquid media 
and 6.5 hr in bacteria. Underexpressers grew more slowly 
under both conditions, with doubling times of 17 hr and 
10 hr, respectively, but they reached the same plateau as 
controls. Overexpressers grew similarly to controls. Growth 
on plates was similar to that in suspension in liquid media 
(data not shown). Finally, ploidy was slightly increased for 
the underexpressers but not for the overexpressers (data 
not shown). 
Interaction of Capping Protein with Actin Filament 
Ends in Cells 
To determine whether capping protein binds to the barbed 
ends of actin filaments in vivo, we measured the numbers 
of uncapped (free) barbed ends in overexpressing and 
underexpressing cells using an assay in which polymeriza- 
tion occurs only at free barbed ends (Figure 16). Underex- 
pressers had 3.1 times as many barbed ends as control 
cells, and overexpressers had 0.6 times the number of 
barbed ends as controls. These changes in the free barbed 
ends did not result from changes in the total number of 
actin filaments, since all cell lines had similar numbers of 
pointed ends (Figure lC), quantitated using a DNase I 
inhibition assay (Podolski and Steck, 1988, 1990). We as- 
sumethatthenumberof actinfilamentsequalsthenumber 
of pointed ends because DNase I binds pointed ends with 
high affinity and measurements of pointed ends in erythro- 
cytes using this assay agree with determinations of fila- 
ment number (Podolski and Steck, 1988). However, even if 
this assumption is incorrect and the measurement reflects 
some fraction of total filament number, that fraction should 
not differ in the different cell lines. Thus, the level of cap- 
ping protein affects the number of free barbed ends but 
not the number of actin filaments. Therefore, the barbed 
end capping activity of capping protein does occur in vivo. 
Furthermore, the fact that the number of actin filaments 
is unchanged indicates that the actin nucleating activity 
of capping protein observed in vitro is not relevant in vivo, 
at least over this range of capping protein concentration. 
These data suggest that capping protein and barbed 
ends are in a simple binding equilibrium. To test this hy- 
pothesis further, we calculated an equilibrium binding con- 
stant for actin and capping protein in the cell lines. First, 
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the distribution of capping protein between the filamen- 
tous actin-associated and soluble pools was measured. 
The fraction of capping protein bound to actin was in- 
versely reiated to the total amount of capping protein (Fig- 
ure 2A). These data, together with the number of free 
barbed ends, were used to calculate a Kd for binding of 
capping protein to an actin filament. In this calculation, 
cell volume was estimated at 1 .O pL, based on measure- 
ments of cell radii and previous values (Podolski and 
Steck, 1990). The &was 102 + 26 nM, 119 f 23 nM, 
and 144 -c 34 nM for underexpressing, overexpressing, 
and control cells, respectively. The fact that these values 
are the same, within error, supports the hypothesis that 
equilibrium binding of capping protein to barbed ends reg- 
ulates the number of free barbed ends in cells. 
However, these ffi values are approximately two orders 
of magnitude greater than those obtained in vitro for mus- 
cle capping protein binding to muscle actin (0.5-l .O nM) 
(Caldwell et al., 1969) and for Acanthamoeba capping pro- 
tein binding to muscle or Acanthamoeba actin (Cooper et 
al., 1964). We envision two explanations for this discrep- 
ancy. One is that the activity of capping protein may be 
inhibited in vivo. Evidence against this possibility includes 
the following. First, capping protein purified by activity and 
antibody assays bound actin homogeneously (Cooper et 
al., 1964). Second, in vitro translated capping protein 
bound actin with a & of 1 nM (Casella and Torres, 1994). 
Third, two-dimensional (2D) gel analysis of chicken cells 
and tissues showed no evidence for posttranslational mod- 
ification of a substantial fraction of capping protein (Scha- 
fer et al., 1994). Fourth, the Stokes’ radius of Acantha- 
moeba capping protein in a crude cell extract is the same 
as that of purified protein (Cooper et al., 1964). Another 
possibility is that in vitro conditions do not accurately repli- 
cate in vivo conditions of pH, ion concentrations, tempera- 
ture, and especially the restricted diffusion and molecular 
crowding that should alter the effective volume and there- 
fore the chemical activity of capping protein or barbed 
ends. In particular, actin filaments would diffuse extremely 
slowly or not at all, and the diffusion constant of capping 
protein would be approximately 1 O-fold lower than in aque- 
ous conditions (Jacobson and Wojcieszyn, 1964). There- 
fore, association reaction rates may be slow, leading to 
the high Kd. 
Effects of Capping Protein on Actin Assembly 
in Cells 
To determine whether changing the number of free barbed 
ends affects assembly of actin in vivo, we measured the 
amounts of actin in filamentous and soluble pools. The 
mass of actin filaments was determined by measuring ac- 
tin in low speed and high speed pellets. The high speed 
supernatant likely contained free monomeric actin, actin 
bound to soluble sequestering proteins, and very short 
filaments. Actin in control cells was distributed as 56% 
filamentous (combined low and high speed pellets) and 
44% soluble (Figure 26). Underexpressers had increased 
total actin, 1.7-fold that of control cells (Figure 1D); a 
greater proportion of the actin was in filaments: 65% fila- 
Figure 3. Localization of Filamentous Actin Using Fluorescein-Labeled 
Phalloidin 
Control (A), underexpressing (B), and overexpressing (C) cells at the 
same magnification. (D) is a high magnification view of an underex- 
pressing cell showing actin-rich surface projections. Scale bar, 10 pm. 
mentous and 35% soluble (Figure 28). In overexpressers, 
the total amount of actin and the distribution between solu- 
ble and filamentous pools was similar to control cells (Fig- 
ures 1 D and 28). The increased total and filamentous actin 
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Figure 4. Ultrastructure of the Actin Cytoskel- 
eton 
Control (A and D), overexpressing (B and E), 
and underexpressing (C and F) cells are 
shown. At low magnification (A-C), pseudo- 
pods (arrowheads) are seen in control and 
overexpressers, while underexpressers exhibit 
distinct microspikes (arrows). All cells exhibit 
a peripheral isotropic meshwork (asterisks in 
D-F). Scale bar, 3 urn in (A)-(C), 0.3 pm in 
(W-(F). 
in the underexpressers, with a relatively unchanged solu- 
ble pool, suggests that cells control actin expression to 
keep the level of soluble actin constant. 
Localization of Actin Filaments and Capping Protein 
by Light Microscopy 
We localized actin filaments and capping protein in the 
mutants to determine the form and location of the addi- 
tional actin filaments in the underexpressers and to corre- 
late the localization with the biochemical fractionation 
analysis. Filamentous actin was found predominantly in 
the cell cortex and pseudopods (Figure 3A), as expected. 
Underexpressers labeled for filamentous actin stained in- 
tensely and had numerous projections over the surface 
(Figures 36 and 3D). Overexpressers had a similar distri- 
bution of filamentous actin as in controls (Figure 3C). 
Capping protein was found in a diffuse punctate pattern 
throughout the cytoplasm of control cells by immunofluo- 
rescence (data not shown) without remarkable concentra- 
tion with filamentous actin, as predicted from the large size 
of the soluble pool of capping protein in the biochemical 
fractionation. Underexpressing and overexpressing cells 
had a similar distribution of capping protein, but the inten- 
sity of the staining was dimmer and brighter, respectively, 
relative to control cells. 
Ultrastructure of the Actin Cytoskeleton 
To examine the actin-containing projections of the under- 
expressers at higher resolution and to determine how cap- 
ping protein regulates actin filament organization in vivo, 
we examined the ultrastructure of the actin cytoskeleton 
by deep etch, rotary shadow electron microscopy (Figure 
4). At low magnification, the morphology was consistent 
with that seen by fluorescence microscopy. Control and 
overexpressing cells showed pseudopods, and most un- 
derexpressers exhibited thin lamellar extensions with dis- 
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Table I. Single Cell Motility 
Velocity (pmlmin) Persistence 
Cell Line and Conditions Mean f SEM Mean f SEM N 
Vegetative 
Control 3.91 f 0.26 0.36 f 0.05 23 
Underexpressing 2.54 f 0.21 0.33 f 0.05 19 
Overexpressing 4.55 f 0.20 0.34 f 0.03 55 
StaNed 
Control 2.35 f 0.15 0.23 f 0.03 26 
Underexpressing 1 1.66 f 0.10 0.26 f 0.04 21 
Underexpressing 2 1.74 * 0.10 0.23 f 0.04 20 
Overexpressing 3.60 f 0.21 0.35 f 0.03 37 
The mutants were significantly different from control in the same experiment at P < 0.01, except for overexpressing vegetative cells, which were 
different at P < 0.10. N = number of cells. Persistence is the tendency of the cell to continue in the same direction, with one being a straight 
line and zero a random path (Hartman et al., 1993). 
tinct microspikes. Intermediate magnifications of control 
and overexpresser pseudopods, and the peripheral exten- 
sions of underexpressers from which microspikes ex- 
tended, revealed an isotropic meshworkof actin filaments. 
The microspikes of the underexpressers appeared to con- 
tain bundled actin filaments, many of which probably ex- 
tended the entire length of the spike (2-6 pm). 
In higher magnifications of the peripheral meshwork, 
the helical substructure characteristic of actin filaments 
was observed, and stereo views revealed subtle differ- 
ences in the meshwork organization (data not shown). Fila- 
ments were spaced less uniformly in both overexpressers 
and underexpressers compared with control cells. In over- 
expressers, the more ventrally located actin filaments 
sometimes appeared tightly aggregated into dense foci 
and the average distance between filament intersections 
appeared to be reduced, while in underexpressers fila- 
ments appeared to be more varied in length, the average 
distance between filament intersections slightly increased, 
and the filaments sometimes more closely aligned. 
Actin Assembly in Response to Cyclic AMP 
The chemoattractant cyclic AMP (CAMP) induces a rapid 
and transient burst of actin assembly followed by oriented 
movement (Hall et al., 1988). To determine whether this 
assembly involves addition at barbed ends and can be 
modulated by capping protein, we measured the increase 
in cytoskeletal-associated actin 5 s after CAMP stimulation 
relative to that before stimulation in the different cell lines. 
This ratio was 1.62 f 0.03 for controls, 1.31 f 0.11 for 
overexpressers, and 2.41 f 0.07 for underexpressers 
(mean + SD, N = 3). These results support the hypothe- 
sis that capping protein acts to limit this burst of actin 
polymerization, probably by binding to barbed ends and 
preventing addition of subunits. 
Motility of Single Cells 
In the absence of chemoattractant, cells move randomly 
as amoebae. On starvation, cells initiate a program of che- 
motaxis and aggregation, which results in formation of a 
fruiting body and spores. To determine whether alterations 
in the actin cytoskeleton affected these processes, we first 
examined the motility of individual amoebae by tracking 
the centroid of cells moving randomly in the absence of 
chemoattractant (Table 1). Under vegetative (nonstarved) 
conditions, underexpressers moved slower than controls, 
and overexpressers moved slightly faster than controls. 
On starving, underexpressers also moved more slowly 
than controls, and overexpressers faster. The persistence 
of cells to continue in the same direction was largely un- 
changed. 
Motility of Cells in Mounds 
We observed pronounced effects on motility of mutant 
cells in the multicellular mound that forms after aggrega- 
tion. Cells were fluorescently labeled, mixed with about 
10 times as many unlabeled cells, and allowed to develop 
(Figure 5A). Three-dimensional (3D) fluorescence micros- 
copy images were collected over time (Doolittle et al., 
1995) and movies of cell locomotion were viewed. A large 
fraction of cells moved in a spiral pattern rotating inward 
toward the center of the mound, as seen before by 2D 
analysis (Siegert et al., 1994). Such movement is best 
observed in a video record. To present the data here, we 
tracked cells in 3D, calculated speed (Table 2), and show 
representative tracks as 2D projections (Figure 56). 
Control cells spiraled in 4 of 4 experiments. The average 
speed of spiraling cells, from 3D tracking, was 2.0 pm/ 
min (Table 2). Overexpressers also spiraled, in 7 of 10 
experiments, and moved more rapidly than controls, at 
4.9 fimlmin. In striking contrast, underexpressers did not 
spiral within mounds but rather moved very slowly in a 
radial direction toward the mound center (Figure 5). 13 
of 14 experiments showed no spiraling, and one mound 
showed slight spiraling with reduced velocity. Underex- 
pressers were not simply spiraling very slowly, because 
spiraling was not seen even for very long movies viewed 
at high playback rates. These cells moved slower (1 .l pm/ 
min) than controls. Quantitative analysisof the 3D tracking 
data in polar coordinates confirmed observations of spiral- 
ing. With the center of the mound defined as the origin, 
controls and overexpressers showed substantial angular 
(I#I) movement and slight inward radial(r) movement (Table 
2). In contrast, underexpressers had a much small angular 
component. 
To determine whether the motility defect of the underex- 
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Figure 5. Cell Movement within Mounds 
(A) Fluorescence (left) and bright-field (right) images of a representa- 
tive mound. (B) 2D projections of the 3D tracks of representative spiral- 
ing cells are shown. Two mounds are shown for four different experi- 
ments. For each mound, the coordinates of several different cells at 
eight consecutive 5 min timepoints are plotted. The approximate cen- 
ter of each mound at the first timepoint is indicated by X. The direction 
of spiraling was counterclockwise except in the lower right panel. Box, 
340 x 340 urn. 
1 
pressers could be altered by the presence of control cells, 
we combined fluorescently labeled underexpressers with 
unlabeled control cells. Underexpressers now moved in 
spirals qualitatively similar to those of controls based on 
viewing movies. In quantitative analysis, the average speed 
of underexpressers in the mixed mound was similar to that 
of controls, implying complete rescue. In polar coordi- 
nates, the mean value of the angular component of the 
velocity showed only partial rescue, but a substantial num- 
ber of cells moved at high speeds, reflected in the value 
of the standard deviation (Table 2). The rescue suggests 
that the motility defect of underexpressers involves inter- 
actions between cells and is not simply intrinsic to the 
mutant cell, as one might have expected for a cytoskeletal 
mutant. 
Development 
We investigated how development progressed beyond the 
mound stage to determine whether mutants had other mo- 
tility defects. Overexpressers developed faster than con- 
trols, forming aggregates and first fingers 2-3 hr earlier 
than normal (at 14 hr versus 17 hr) and then proceeding 
to form fruiting bodies slightly earlier (data not shown). 
Thus, the increase in motility in individual overexpressers 
correlated with faster progression through theearlystages 
of development. Underexpressers developed at the same 
rate as controls, forming fruiting bodies after 22 hr. Thus, 
neither the modest decreases in individual motility of the 
underexpressers nor their lack of spiraling in the mound 
affected development. Notably, spiral motion in the mound 
is not essential for development. 
Discussion 
The goals of these experiments were to investigate the 
following: whether capping protein interacts with actin in 
vivo; which of its activities described in vitro occur in vivo; 
whether and how the interaction of capping protein with 
actin affects actin assembly; how changes in actin assem- 
bly affect the architecture and properties of the actin cy- 
toskeleton; how changes in actin assembly affect aspects 
of cell motility. To this end, we examined molecular and 
cellular phenotypes of cell lines with decreased and in- 
creased levels of capping protein. 
Molecular Phenotypes 
The most interesting conclusions from the molecular anal- 
ysis are that capping protein does cap barbed ends in vivo 
and that the consequence is to limit actin polymerization. 
Simple equilibrium binding describes the interaction be- 
tween capping protein and barbed ends. The apparent Kd 
in vivo is lOO-fold different from that in vitro, but uncertain- 
ties in this calculation, notably determining the effective 
volume imposed by restricted diffusion and molecular 
crowding, make it possible that the values are in fact the 
same. 
Capping of barbed ends in vitro prevents both the loss 
and addition of subunits. Which effect might be important 
in vivo is not known. In our results, underexpressers had 
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Table 2. Movement of Cells within Mounds by 3D Tracking 
Total Angle (cp) Radius (r) Height (z) Number of Number of 
Cell Line (pmlmin) (degreelmin) (nmlmin) (nmlmin) steps (N) Cells 
Control 2.0 f 0.1 10 f 1 -0.6 + 0.4 -0.3 f 0.5 235 30 
Over 4.9 f 0.2 15 +- 1 -0.4 f 1.0 -0.4 f 0.6 241 10 
Under 1.1 f 0.03 2.2 f 0.1 -0.6 f 0.1 -0.2 f 0.2 636 74 
Under plus Control 2.4 f 0.1 3 + 0.5 -0.3 f 0.4 0.6 f 0.4 418 56 
Cells were tracked at 5 min intervals. Speed was calculated for each timepoint and averaged over all steps in all tracks. In under plus control, 
underexpressers were labeled and mixed with unlabeled control cells. 
more free barbed ends and also more filamentous actin, 
arguing that the capping of barbed ends prevents addition 
of actin monomers in vivo. However, overexpressing cell 
lines had fewer barbed ends but did not show decreases 
in filamentous actin levels, as might have been expected 
based on the results with the underexpressers. Probably 
actin filaments are necessary for cells, and other mecha- 
nisms of elongating actin filaments, such as increased 
monomer concentration or pointed end availability, com- 
pensate for the capping protein effect on barbed ends. 
The conclusion that capping protein limits polymerization 
also was supported by results from experiments in which 
polymerization was induced by a chemoattractant, CAMP. 
In these experiments, both underexpressers and overex- 
pressers behaved as predicted from this model. Therefore, 
one role of capping protein may be to prevent filaments 
from growing too long during polymerization induced by 
chemoattractant. 
Cells create new actin filaments simply to grow and di- 
vide and probably also to extend processes. Capping pro- 
tein nucleates filament assembly from monomers in vitro; 
however, in these experiments, we found no evidence that 
capping protein influences the number of filaments in vivo. 
Other potential mechanisms to create new filaments in- 
clude the local release of a high concentration of mono- 
mers from the buffered pool and the breaking, by shear 
forces, of long filaments. Some members of the gelsolin 
family of barbed end-binding proteins can cut filaments 
to create new ones; however, the loss of one of them, 
severin, from Dictyostelium had no effect on cells (Andre 
et al., 1989). 
Cellular Phenotypes 
The most striking cellular phenotype is that the rate of cell 
movement is increased when capping protein is increased 
and decreased when capping protein is decreased. These 
effects were observed both for isolated single cells and 
for cells moving within multicellular mounds. How can one 
explain these results in terms of the molecular pheno- 
types? Dictyostelium amoeboid motility is composed of 
several different steps, and the rate-limiting molecular pro- 
cess in each of those steps is probably different. Pseudo- 
pods form and elongate in the front of the cell and then 
adhere to substrate. Next, the central and rear portions of 
the cell move forward, perhaps powered by an actomyosin 
contraction in the tail, followed by release of the tail from 
the substrate. 
Pseudopod extension is considered to require actin poly- 
merization from barbed ends, based on strong correlative 
results (Condeelis, 1993). If so, then our results here on 
actin assembly, especially the actin polymerization in- 
duced bychemoattractant, would predict that pseudopods 
should extend faster in underexpressers and slower in 
overexpressers. These changes are in the opposite direc- 
tion from the effects on net rate of cell movement observed 
here, where underexpressers were slow and overexpres- 
sers were fast. Therefore, this mechanism does not ex- 
plain the data. We do not conclude that these data argue 
strongly against the mechanism because pseudopod ex- 
tension is a localized phenomenon that was not measured 
directly in these experiments and pseudopod extension 
may not have been the rate-limiting step in the mutants. 
An alternative explanation for the changes in cell motil- 
ity, one that is consistent with the changes in actin assem- 
bly, involves the later steps in motility, in which the central 
and rear portions of the cell move forward. The cytoplasm 
is filled with a 3D meshwork of actin filaments, and cell 
translocation requires the movement and remodeling of 
this meshwork. If the meshwork has greater density or is 
more highly cross-linked because it contains longer fila- 
ments, then it will be less pliable, and movement will slow. 
Measurements of cell deformability should reflect these 
properties of the meshwork (Zaner and Hartwig, 1988) 
and wedidobserve that deformability changed in the direc- 
tions predicted for the mutants, although the differences 
were not statistically significant (data not shown). Support 
for this view was also found in the structure of the actin 
cytoskeleton. The increased actin assembly in the under- 
expressers was associated with the formation of coarse 
bundles of relatively long actin filaments, which would be 
expected from simply increasing the lengths of the fila- 
ments (Cortese and Frieden, 1988; Furukawa et al., 1993; 
Madden and Herzfeld, 1994). Therefore, in this model, the 
function of capping protein is to keep actin filaments short 
so that the meshwork is isotropic and pliable. 
Experimental Procedures 
Molecular Biology 
Standard techniques were employed (Sambrook et al., 1989). cDNAs 
of the coding regions of the a and 6 subunits of capping protein were 
obtained by PCR of a cDNA library using primers derived from the 5 
and 3’ regions of the coding sequence (Hartmann et al., 1989) with 
restriction sites added for cloning. One PCR clone of each cDNA with 
no errors was used for subsequent manipulations (a pSJ 296 and b pSJ 
297). To incorporate 5’ untranslated sequences of the (1 or f3 subunit, 
respectively, a forward primer with 19 bp or 22 bp of 5’ UT followed 
by coding sequence was used in a PCR in which the template was 
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pBJ 296 or 297 and the reverse primer was as given above. cDNAs 
were cloned into BS-16 (Klein et al., 1966) (from J. Hammer, National 
Institutes of Health, Bethesda, MD) in the sense or antisense orienta- 
tion downstream of the constitutive actin- promoter. For inducible 
expression of the antisense transcript of the 8 subunit cDNA with 5’ 
UT, the insert was cloned into pVE-II (Liu et al., 1992) (from M. Clarke, 
Oklahoma Medical Research Foundation). 
Cell Culture end Transformation 
Standard culture techniques were used (Sussman, 1987). Ax3 was 
transformed by calcium precipitation (Nellen and Saur, 1966). To gen- 
erate cells that overexpress capping protein, equal amounts of plas- 
mids containing the sense orientation of the coding region of each 
subunit transformed. To generate cells that underexpress capping 
protein, antisense constructs were transformed alone. Transformants 
were selected in 10 pglml G418, subcloned by limiting dilution, and 
stored at -70°C in HL-5 plus 10% DMSO. lmmunoblotting identified 
cell lines that overexpressed or underexpressed capping protein rela- 
tive to control transfected cells. For experiments with induction of the 
discoidin promoter in the pVEll vector, cells were grown in HL-5 plus 
folate to suppress expression, which was changed daily. For induction, 
cells were placed in HL-5 lacking folate, which had been conditioned 
by growth of wild-type cells to high density. 
Gene Targeting 
A genomic DNA clone for the 8 subunit was isolated by PCR using 
the primer containing the 5’ untranslated sequences of the 8 subunit 
cDNA and the reverse 6 cDNA primer, as above. Ax3 cells (104) were 
the template. Sequence showed that expected of the 6 cDNA, plus 
one intron of 131 bp at base 244 and another of 111 bp at base 438 
(numbers as in GenBank M25131). The splice junctions agree with 
consensus. An actin- neo resistance cassette from BS-18 was in- 
serted between the Hincll and Accl sites of the genomic clone. The 
insert was linearized, blunt ended, phosphatased, and transformed. 
Transformants were grown and subcloned by limiting dilution in HL-5 
with 10 uglml G418. All of >I00 subclones analyzed by immunoblot 
showed normal capping protein levels. 
Anti-Capping Protein Antibodies 
Glutathione S-transferase (GST) and maltose-binding protein (MBP) 
fusion proteins were made for each subunit, using pGEX-3X (Phar- 
macia, Piscataway, NJ) and pMAL-c2 (New England Biolabs, Beverly, 
MA). Rabbits were immunized with GST-capping protein a or MBP- 
capping protein 6 fusion protein. Antibodies were affinity purified with 
MBP-capping protein c or GST-capping protein 6. 
Quantitation of Protein Levels by lmmunoblots 
Serial dilutions of whole-cell extracts of vegetatively growing amoebae 
were immunoblotted (Hug et al., 1992) using anti-capping protein a 
and anti-actin (MAb C4; Lessard, 1988). The levels of the 6 subunit 
changed in a manner identical to those of the a subunit (data not 
shown). Secondary antibodies were ‘251-labeled goat anti-rabbit and 
anti-mouse (Amersham, Arlington Heights, IL). Actin and capping pro- 
tein bands were quantitated using a phosphorimager (Molecular Dy- 
namics, Sunnyvale, CA). Data in the linear region of the standard curve 
were used to quantitate the amounts in each cell line. TI e slopes of 
the lines were used to calculate the relative amounts of actin and 
capping protein in each sample compared with control cells. The abso- 
lute amounts of actin and capping protein in wild-type cells were deter- 
mined using dot blots of dilutions of cell extracts and standards. 
Assays of Barbed and Pointed Ends of Actin Filaments 
The number of free barbed ends was determined by mixing whole-cell 
lysates in afluorometer cuvette with 0.5 uM monomeric pyrene-labeled 
Mg2+-actin (Hug et al., 1992). This concentration polymerizes at the 
barbed but not the pointed end (Pollard and Cooper, 1986). Cytocha- 
lasin D (20 nM), which inhibits addition of monomer to the barbed end 
(Cooper, 1967) blocked polymerization from actin filament seeds and 
cell lysates under these conditions, confirming that polymerization oc- 
curred only at barbed ends. We assume the assay measures the num- 
bers of free barbed ends in the cell because cells were lysed in the 
cuvette at time zero, because the time course was linear, indicating 
that capped filaments are not becoming uncapped during the assay, 
and because the dissociation rate constant of capping protein bound 
to actin filaments, determined in vitro, is long on the time scale of this 
experiment (Hug et al., 1992). 
Cells (106) were lysed in the cuvette in 0.5% Triton X-100, 100 mM 
KCI, 2 mM MgCL, 1 mM EGTA, 20 mM imidazole-HCI (pH 7.0) in 
the presence of 0.5 uM pyrene-actin. Fluorescence over time was 
recorded and converted to filamentous actin concentration using stan- 
dards. Elongation rate constants for barbed ends were used to calcu- 
late the number of free barbed ends per cell. Values of 11 .G/uM/s and 
1.4/s, determined by electron microscopy, were used for k+B and k-s, 
respectively (Pollard, 1986). These values are different from the value 
for the association rate constant used in other studies examining cellu- 
lar actin filaments (k, = ~/PM/S) (Podolski and Steck, 1990). Using a 
lower value for k+ results in an increase in the calculated number of 
free barbed ends. 
The number of pointed ends was determined with a DNase I inhibi- 
tion assay (Podolski and Steck, 1988, 1990). Cells (2 x 1 Or) in 200 ul 
of buffer A (20 mM KCI, 2 mM MgC&, 0.2 mM CaC12, 40 mM potassium 
phosphate [pH 6.41) were lysed by addition of 200 III of 2x buffer B 
(1 x buffer B: 50 mM KCI, 10 mM imidazole-acetate, 3.3 mM Tris- 
acetate [pH 7.5],2.2 mM magnesium-acetate, 1 mM EGTA, 0.55 mgl 
ml BSA, 0.5 mM ATP, 1 Kg/ml leupeptin, 1 Kg/ml pepstatin, 0.1 mM 
PMSF, and 1 mM benzamidine) plus 4% Triton X-100 and 40 FM 
phalloidin. A cytoskeleton was obtained by centrifugation at 16,000 x 
g for 1 min, resuspended to lOa cell equivalents/ml in 1 x buffer B 
containing 0.2% Triton X-100 and 20 PM phalloidin, and incubated at 
37°C for 30 min to allow incorporation of actin monomers into fila- 
ments. Samples were diluted to 2 x 10’ cell equivalents/ml and 30 
ul was incubated for 5 min with varying concentrations of DNase I 
(Molecular Biology Grade, Worthington, Freehold, NJ) in afinalvolume 
of 55 ul. A mixture of E. coli 3H-DNA (5 ul) was added to each sample 
and incubated for 6 min. Ice-cold 10% trichloroacetic acid (200 ul) 
was added to each sample, and the samples were incubated on ice 
for 20 min and centrifuged at 16,000 x g at 4OC for 5 min. Radioactivity 
of the supernatant was determined. Activity was the fraction of counts 
relative to that liberated by incubating the maximal concentration of 
DNase I with 3H-DNA at 37OC for 30 min. Numbers of free pointed 
ends were calculated by fitting the data to the expression K, = (PEr) x 
(DNaset)/(PE-DNase)b. A range of proposed values for this ffi (0.2 nM 
[Podolski and Steck, 1990]- 1 .O nM [Weber et al., 19941) gave similar 
results; in one experiment, the calculated numbers of free pointed 
ends in control cells varied from 2.20 x lo5 to 2.57 x lo5 with these 
values. 
Subcellular Fractionation 
The distribution of actin and capping protein was analyzed by adapting 
previous methods (Podolski and Steck, 1990; Watts and Howard, 
1994). Cell lysate was spun at 16 kg for 2 min (low speed pellet) and 
then at360 kgfor5min(highspeed pellet)and thesolublesupernatant. 
Pools were analyzed by immunoblots with anti-capping protein and 
MAb C4 as above. Intracellular volume of ‘1 .O pL was used for dalcula- 
tion of concentrations. A single transformant of each cell line was 
analyzed. Triton-insoluble actin was determined after 5 s of t uM CAMP 
stimulation as described (Hall et al., 1989). Similar results were ob- 
tained for two independent transformants of each cell line. 
Fluorescence Microscopy 
Vegetative amoebae plated on glass coverslips were fixed in 2% para- 
formaldehyde and permeabilized in 0.1% Triton X-100, blocked, then 
stained with affinity-purified rabbit anti-capping protein a at 1 pglml 
and DTAF donkey anti-rabbit IgG. For filamentous actin, 33 nM fluores- 
cein-phalloidin (Molecular Probes, Eugene, OR) was used. Optical 
sections were collected on a confocal microscope and combined in 
the z axis. Similar results were obtained for two independent trans- 
formants of each cell line. 
Growth Rates 
For axenic growth, amoebae were diluted to 104/ml in HL-5 media 
with 10 uglml G418. Growth on bacteria was determined as described 
(Vogel et al., 1960). Doubling times were determined by fitting an 
exponential curve to data for cell number versus time. Two indepen- 
dent transformants of each cell line were analyzed and gave similar 
results under both conditions. 
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Multinucleate Cells 
Vegetative amoebae were plated on glass coverslips, fixed, and 
stained with DAPI (4’6-diamidino-2-phenylindole) (Amatruda et al., 
1992). A single transformant of each cell line was analyzed. 
Electron Microscopy 
Vegetative cells plated on glass coverslips were permeabilized and 
fixed (Cox et al., 1994) and then processed for freeze etch rotary 
shadowed transmission electron microscopy (Lewis and Bridgman, 
1992). Similar results were obtained for two independent transformants 
of each cell line. 
Single Cell Motility 
Vegetative cells from plate cultures in l-IL-5 media with 10 vglml G418 
were placed in 20 mM Na phosphate (pH 7.0), labeled for 15 min with 
33 PM carboxy methyl fluorescein, and plated on glass coverslips at 
low density. Starved cells were prepared by incubation on filters in 
buffer A for 6 hr (Wessels et al., 1988) before labeling. A field of cells 
was imaged, and data were collected for 15 min at 30 s intervals at 
22OC (Doolittle et al., 1995). Sequential images were combined to 
generate a time-lapse video. The cell centroid was determined, and 
the instantaneous velocity of each cell at each timepoint was calcu- 
lated. For each cell, the velocities over the 15 min duration of tracking 
were averaged, and then the velocities for the different cells in one 
experiment were averaged. For each track, persistence was calculated 
(Hartman et al., 1993). 
Mound Motility 
Cells from plate cultures, labeled as above, were combined with unla- 
beled cells. 5%-10% of cells were labeled. - 10’ cells were plated 
on a cellulose dialysis membrane on a glass coverslip. Nonadherent 
cells and excess buffer were removed, and the coverslip and mem- 
brane were placed in a humidified chamber and allowed to develop for 
18 hr at 22OC. A bright-field image was taken at the start. Fluorescence 
images of mounds were collected over 60 min at 5 min intervals at 
64 focal planes (1.33 vmlstep) and processed to remove out-of-focus 
light (Doolittle et al., 1995). Images were combined to generate a time- 
lapse movie. Representative cells were tracked, generating x, y, and 
z coordinates for each timepoint. For each step, speed (distance/time) 
was calculated. By defining a point at the mound center as the origin, 
velocity was separated into polar coordinates of radius, angle, and 
height. Similar results were obtained for two independent underex- 
pressing transformants. A single control and overexpressing trans- 
formant were analyzed. 
Development 
Vegetative amoebae (107) were washed in buffer A and plated on agar 
at 22OC. Excess buffer was removed at 30 min. Plates were photo- 
graphed at various times. Similar results were obtained for two inde- 
pendent transformants of each cell line. 
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